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Abstract  

This report reviews various test techniques published in the literature for evaluating carbon 
fiber via the single-filament tensile test, the dry bundle test, the resin-impregnated strand test, and 
the single-fiber fragmentation test (optical microscopy and acoustic emission). Experimental 
procedures, data analysis, and statistical tensile strength theory are also described. Each 
technique is followed by a discussion of the advantages and limitations. Furthermore, a materials 
property database has been developed that includes mechanical properties for several 
commercially available carbon fibers. 
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1. Introduction 

This is part one of a two-part review of the physical properties of high-performance, 

Polyacrylicnitrile (PAN) based carbon fibers, and the techniques used in characterizing those 

properties. This report reviews the most common test methods used to determine the tensile 

properties and the statistical strength distribution of fibers—the single-filament tensile test, the 

tow test (dry bundle and resin-impregnated tow test), and the single-filament fragmentation test 

(optical microscopy and acoustic emission). This part of the study also contains the updated 

physical properties of the most popular PAN-based carbon fibers currently available on the 

market (see the Appendix). The second part of the study will discuss other characterization 

techniques used in determining the microstructures of the fibers and the relationship between 

these fine structures and the tensile properties of carbon fibers. The purpose of this review is to 

provide guidance for testing fibrous reinforcements. In addition, this report will serve as a 

resource for the properties of selected carbon fiber materials. 

2. Test Techniques 

2.1 Single-Filament Tensile Test. The first test used in determining tensile properties of 

carbon fibers is the single-filament tensile test. This test requires carefully extracting an 

individual carbon fiber from a tow, and great effort goes into aligning the test fiber axially. The 

test also calls for a significant number of samples for statistical analysis. 

The following test procedure follows the ASTM Standard D3379 (American Society for 

Testing and Materials 1989). Individual fibers are randomly selected from a tow, and each fiber 

is carefully center-line mounted on a thin paper tab, as shown in Figure 1. Fibers are held in 

place by adhesive at the edges of slots in the tab. The slot length is the gage length of the test 

specimen, which is usually between 20 and 30 mm. The tab should be about three times longer 

than the specimen's gage length and half of the width of the gage length. Li a tensile test device, 

the prepared specimen is then axially gripped at the tab ends. If the direct strain measurement of 
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Figure 1. Single-Fiber Mounting Tab. 

the specimen gage section is not possible, the compliance of the test device should be 

determined. The true compliance can then be calculated for determining Young's modulus. 

2.1.1 Diameter Measurement. It is necessary to measure fiber diameter to calculate strength 

and modulus. Several methods are available, such as the optical microscope, the scanning 

electron microscope (SEM), and laser diffraction. Studies have shown that optical microscopic 

measurements tend to have a higher standard deviation than other methods (Chen and Diefendorf 

1982). SEM methods can produce precise measurements of fiber diameter, but the procedure 

requires more sample preparation and image manipulation. This technique is also not practical 

for measuring the diameters of specimens to be tested. Fukuda et al. (1993) found that a laser 

diffraction method was most suitable for the 1 x 1 diameter measurements of the fibers to be 

tested. In this technique, fiber diameters are determined by measuring the distance between dark 

spots of the diffraction pattern, as in Figure 2. 

The diameter, d, is calculated as follows: 

a = ^, (i) 

where L is the distance between the specimen and the screen, A. is the wavelength of the laser 

light, and 1 is the distance between dark spots. 
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Figure 2.   Schematic View of Laser Diffraction Diameter Measurement (Fukuda et al. 
1993). 

2.1.2 Statistical Tensile Strength. Unlike metals whose strengths are more deterministic, 

the strengths of brittle fibers are known to exhibit great variation between individual fibers, as 

well as along a fiber length. Hence, statistical models are most appropriate to describe strength 

distributions of fibers, and the best known model in composite strength theory has been the 

Weibull distribution (Chou 1992). The Weibull distribution of fiber strength, af, has the 

following form: 

Pf fa) = 1 " exp|-L(of/a0)P], (2) 

where Pf is the cumulative probability of failure of a fiber of length L at a stress level > Of. The 

Weibull scale parameter is o"o, and ß is the Weibull shape parameter reflecting the scattering of 

strength data. Based on experimental data, values of strength parameters o*o and ß can be 

determined by various approaches (Manders and Chou 1983). One of these approaches is 

discussed in the next section. The mean fiber strength can then be calculated by the equation 

ö = a0L-ver(l + l/ß) (3) 

where T denotes the gamma function. 



2.1.3 Strength of Fibers at Short Lengths. The strengths of fibers also strongly depend on 

fiber lengths, as shown in equation 3. Often, knowing fiber strengths at very short lengths is 

crucial, especially in analyzing the fiber-matrix interfacial strength in composites. Testing very 

short fibers, however, is not feasible with the single-filament tensile test, due to problems with 

specimen gripping and alignment. Many attempts have been made to extrapolate strengths of 

short fibers from longer specimens with limited success. Most of these extrapolation methods 

rely on the assumption that Weibull parameters OQ and ß are length independent. However, 

Asloun et al. (1989) found through their experimental data that Weilbull parameters varied with 

fiber length. Their study also showed that for extrapolating fiber strengths at short lengths, the 

most accurate and simple method was by means of the linear logarithmic dependence of strength 

on gage length. By taking the logarithm on both sides, equation 3 becomes 

Ln (äf ) = (- l/ß)lnL + ln [a0 T (l + 1/ß)]. (4) 

The plot of mean fiber strengths vs. gage lengths in a logarithmic scale produces a straight 

line (Figure 3), which could be extended to estimate fiber strengths at short lengths. The slope of 

the line is the value of (- 1/ß), and the value of o0 is derived from the y intercept. Mean fiber 

tensile strengths can simply be averaged from the experimental sample size of about 20. It can 

also be estimated if values of a0 and ß are known. To achieve good extrapolation results, fiber 

tensile tests should be performed at many different gage lengths (at least seven), and there should 

be a sample size of about 20 for each gage length (Asloun et al. 1989). The validity of this 

method was confirmed in previously published data (Manders and Chou 1983; Goggin 1975; 

Barry 1978; Hitchon and Phillips 1979; Jones et al. 1980). 

2.1.4 Discussion. Although the single-filament tensile test method can provide good tensile 

properties data and requires simple analysis, it has several disadvantages. The method is very 

tedious and labor intensive. A large sample size of about 20 is also required for a good statistical 

analysis. Because it is not always possible to directly measure fiber elongation, the compliance 

of tensile test devices should be determined.     The experimental results could also be 
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Figure 3. Mean Tensile Fiber Strength vs. Gage Length in Log Scale. 

overestimated since only the strong fibers are extracted for tensile tests. Weak fibers break prior 

to testing and are discarded during sample preparation. In addition, a tensile test of very short 

fibers (<1 mm) is almost impossible. As a result, extrapolation techniques must be used, and 

they are usually unreliable.   Another test method, the single-fiber fragmentation (discussed in 
« 

section 2.3), may resolve many of these issues. 

2.2 Fiber Tow Test. 

2.2.1 Dry Bundle (Tow) Test. Because of the high degree of scattering in strengths of brittle 

carbon fibers, a large number of specimens are needed for good statistical analysis. With the 

fiber dry bundle test, this problem is minimized. Since the failure of each fiber bundle is the 

result of independent fractures of many fibers, there is much less data scattering for single fibers. 

Therefore, a smaller number of tests is required to achieve statistically valid data. Experimental 

data indicated that Weibull strength parameters determined from dry bundle tests are very similar 

to single-fiber tests (Manders and Chou 1983). 

The following steps are typical experimental procedures.   Fiber tows of different lengths 

(usually between 5 and 10 tows for each gage length) are cemented into grooved end tabs. There 



should be no slack in any of the fibers. The cross-sectional area of the tow can be determined 

from the manufacturer's data of density and mass per unit length. All fibers are assumed to have 

the same diameter. The tows are then tested using a tensile test device. Tensile properties are 

determined from load and strain data similar to the procedure outlined in ASTM Standard D4018 

(American Society of Testing and Materials 1993). The statistical analysis of a dry bundle test is 

similar to that discussed in section 2.1.3. The mean strengths of fiber tows (at different lengths) 

are plotted against corresponding lengths in logarithmic scale. The plot should approximate a 

straight line whose slope is - 1/ß. Calculated from the y-intercept is Go. Mean fiber strengths 

can then be estimated from the determined Weibull parameters (equation 3). 

2.2.2 Resin-Impregnated Tow Test. A more common and efficient method for determining 

tensile properties of carbon fiber is the resin-impregnated tow test. This technique is also better 

than the single-filament tensile method in the sense that fiber properties are measured in an 

environment more compatible to real composite parts. Experimental data shows that the fiber 

Young's moduli determined from the strand test method was closer to that obtained from 

composite data (Kowalski 1988). 

The following procedure follows ASTM Standard D4018. Tows of carbon fibers are dipped 

into a compatible resin system and then worked over rollers or dies to squeeze out excess resin. 

The resin content should be between 35% and 60% by weight. The resin should also have 

greater strain-to-failure than the fibers so that it will not affect the evaluation of fiber-tensile 

properties. The main role of the resin is to provide enough support for specimen handling and a 

better, more uniform loading among fibers during the tensile test. A recommended system is a 

combination of bisphenol F epoxy and diethyltoluene diamine (3.9:1 by weight). 

Resin-impregnated strands are then cured under slight tension. If tabs are used, the distance 

between tabs should be 150 mm; otherwise, that would be the distance between the test grips. 

Tensile properties are calculated from load and strain data. 

223 Discussion. Tow tests have several distinct advantages over single-filament tests. It is 

more practical to handle carbon fiber tows than single filaments, and similar experimental results 



can be achieved in the case of the dry bundle test. In addition, due to less strength scattering in 

dry bundles, a smaller sample size is needed for testing. For the resin-impregnated tow test, the 

ease in specimen handling also makes direct strain measurements possible. Measured tensile 

properties are closer to those of composites, since fibers are surrounded by a polymer matrix. 

The trade-off is the deviation from the actual values of fiber-tensile properties. Thus, it is 

important to select a resin system that is compatible to the particular carbon fiber and greater in 

strain capability. 

2.3 Single-Fiber Fragmentation Test The single-fiber fragmentation test offers yet 

another technique for determining the strength of fibers, especially very short fibers, which has 

always been an obstacle in other methods. Similar to the resin-impregnated tow test, another 

advantage of the fiber fragmentation test is that it produces actual composite material data. The 

amount of data generated by the test is also much larger, making it more suitable for statistical 

analysis. 

hi a fragmentation test, a single fiber embedded in resin is strained, while the fiber repeatedly 

fractures into shorter and shorter fragments due to increasing stress. Because there are many 

fiber breaks in a single test, an abundance of data is produced in one fragmentation test. The 

fragmentation test is based on the following simple modification of equation 2: 

P.(l) = 1 - Pf(o) = ap[-Upt/a0fi (5) 

where Ps(l) is the survival cumulative probability of fibers at different specified lengths, 1. 

Taking the logarithm of both sides, 

ln(Ps)=-L(of/aJ. (6) 

Thus, by knowing the cumulative probability that the fiber fragments are greater than or equal to 

a specified length, the plot of ln(Ps) vs. L can be obtained. The plot should be linear, with a 

gradient equal to -(Of/oof (see Figure 4). 
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Figure 4. Logarithm of Cumulative Probability That a Fiber Fragment Is Greater or 
Equal to a Specified Length, ln(Ps), vs. the Spacing of Fractures, L (Manders and 
Chou 1983). 

These values of gradient are plotted against their corresponding levels of stress or strain 

(assuming linearly elastic fiber). The plot of In(gradient) vs. ln(af) or ln(ef) will then give the 

slope of value ß and the y intercept of value G0. Because the embedded fiber in the 

fragmentation test can fracture into very short segments, the values of ß and a0 are the actual 

Weibull parameters of short fibers and are not obtained from extrapolation. Mean fiber strengths 

are calculated from these strength parameters according to equation 3. 

Although there is no standardized procedure for the fragmentation test, various experimental 

procedures in the literature (Baillie and Bader 1994; Yavin et al. 1991; Gulino and Phoenix 

1991; Waterbury and Drzal 1991; Waterbury 1990) follow these essential steps: 

(a) A long fiber (longer than 50.8 mm) is carefully selected from a bundle and handled only 

by its ends. The fiber is then mounted on a silicon rubber mold. The mold is a standard 

ASTM 50.8-mm long dogbone cavity 3.175-mm wide x 1.587-mm thick x 25.4-mm long 

at the gage section. The mold cavity has sprue slots at each end to align and center the 

fiber axially. Once aligned, the fiber is held in place with fast curing epoxy in the sprue 

slots. 



(b) A resin system with greater strain-to-failure than the fiber (at least three times greater) is 

then either poured or pipetted into the mold cavity. Air bubbles in the resin can be 

avoided by degassing the mold and resin in a vacuum oven before filling the cavity. 

(c) The mold is placed in an oven and the resin is cured with the appropriate cure cycle; the 

specimen is then removed with great care to avoid damaging the embedded fiber. 

(d) The specimen is tested at small strain increments using a microstraining machine. 

To determine the cumulative probability, Ps, of fiber fragments in the fragmentation test, the 

number of fragments and their lengths need to be measured and ranked at each strain level. 

Currently, there are two different techniques in this data acquisition—optical microscopy and 

acoustic emission. 

2.3.1 Optical Microscopy Data Acquisition. For the optical microscopy technique, the 

number of fiber fragments and their lengths are measured at each strain level by a traveling 

microscope that moves along the fractured fiber. Measurements can also be done by mounting 

the microstraining device on the optical microscope during the translation stage. The optical 

resolution of the microscope should be powerful enough to identify the microfractures in the 

fiber. This procedure, however, can take hours to perform. In attempts to improve the speed of 

data acquisition, Waterbury and Drzal (1991) developed a technique with some automated 

features that could reduce the data acquisition time by an order of magnitude. Their system 

includes a computer-interfaced translation stage and a computer program that performs data 

processing. After each strain increment, the stage is translated at a constant rate while the 

fractured fiber is observed under the microscope. As fractures pass a set of cross hairs, the 

operator clicks the mouse and sends timing signals to the computer. The elapsed time between 

fractures is converted into fragment lengths by the software. Statistical analysis, fiber strength, 

and interfacial shear strength are also readily performed. 



2.3.2 Acoustic Emission Data Acquisition. Despite many advantages over conventional 

methods, the optical microscopy technique has many shortcomings. First, the selected resin must 

be transparent so that the embedded fiber can be observed under the light microscope. Second, 

the strained fiber has to remain strained for a long time during the fragment length measurement. 

This step can induce creep in the specimen, as shown by Clough and McDonough (1996). Third, 

it is sometimes very difficult to identify the small gaps between fiber fragments, which are 

usually <1 jim. The acoustic emission technique could potentially surmount these problems. In 

this technique, the fiber breaks are determined by detecting the burst of acoustic emission from 

each fracture. Some variations of this technique monitor acoustic source locations to determine 

the fragment lengths. Expensive equipment, however, is required. A simpler and more efficient 

technique was developed by Clough and McDonough of the National Institute of Standards and 

Technology. Based on the fragmentation theory (Gulino and Phoenix 1991), Clough and 

McDonough further simplified the analysis under the condition of low-applied fiber stress, af, or 

applied strain, £f (which was measured here). The following equation is derived: 

N = (ot/a0f, (7) 

where N is the number of detected fiber breaks. Thus, the only information needed is the 

number of breaks and the levels of applied stress or strain. Values of Weibull parameters can be 

determined from the plot of ln(N) vs. ln(Of) or ln(ef). 

To monitor break events, an acoustic emission transducer is attached to the gage section of 

the specimen. As the specimen is strained at a slow rate (approximately 5 x 10"4 s"1), the 

emission signals are amplified and recorded continuously by a computer. To avoid yielding, the 

applied strain should not exceed 2%. After a test, the entire signal recording is postprocessed 

with a median subtraction filter (Barnett 1989). This particular filter method greatly enhances 

the trigger signal and is able to filter out noise, but not emission events. 

2.3.3 Discussion. The single-fiber fragmentation test is a better method for evaluating fiber 

strengths at short gage lengths.     Experimental data is also more accurate because the 

10 



fragmentation test is an in-situ method. The fiber is fractured in a real composite environment. 

In a single test, a typical 25-mm fiber fractures about 50 times, which is equivalent to 50 single 

fiber tests (Waterbury and Drzal 1991). The fragmentation test, therefore, is able to generate a 

much larger amount of test data than other methods. Yet, the test time can be significantly 

reduced. In the acoustic emission technique by Clough and McDonough (1996), the amount of 

time required for each test is a minute or less. 

Optical microscopy and acoustic emission techniques both produce close experimental 

results. The optically monitored method, however, requires more human interaction. In 

addition, the longer test time can cause creep in the specimens, generating error in the data. The 

acoustic emission technique overcomes the problems of visibility and creep since data is 

acoustically collected at the precise stress/strain level and not after each stress/strain increment, 

as in the optical technique (Clough and McDonough 1996). The equipment used for detecting 

acoustic emission, however, must be very sensitive and capable of filtering out background 

noise. Despite this, the technique could still be vulnerable to error due to simultaneous, multiple 

fiber fractures. 

3. Conclusion 

Each of the test techniques has its own unique advantages and limitations. No single 

technique is completely superior to others in all aspects. The dry bundle test is relatively better 

in determining average strengths of fiber and statistical parameters of longer fibers. For more 

accurate values of Young's modulus, however, the resin-impregnated strand test with an 

appropriate resin system is better. The single-fiber fragmentation technique is by far the best 

method for generating a large amount of data for statistical analysis, and it generates better 

accuracy of fiber strengths at very short lengths. 

11 
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As a part of this report, a database containing information on selected PAN-based carbon 

fibers was created using the database software Microsoft Access. The software allows fast fiber 

selection by criteria on physical properties such as modulus, strength, density, fiber diameter, 

and CTE, as well as on manufacturers' information (Figure A-l). If a user wants to select 

particular fibers of modulus >350 GPa, a simple query can be entered, as shown in Figure A-2. 

The database then conveniently produces selections quickly (Figure A-3). Also included is 

updated price information on these high-performance fibers. The mechanical properties of the 

fibers are provided by the producers of the fibers, and the resin-impregnated strand test is 

typically used. This database is available from the Polymer Research Branch of the U.S. Army 

Research Laboratory-Weapons and Materials Research Directorate (ARL-WMRD), Aberdeen 

Proving Ground, MD. 
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Figure A-l. Data of Selected High-Performance Carbon Fibers in the Database. 
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Figure A-2. A Typical Query Format for a Particular Carbon Fiber. 
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NO. OF 
COPIES ORGANIZATION 

DEFENSE TECHNICAL 
INFORMATION CENTER 
DTIC DDA 
8725 JOHN J KINGMAN RD 
STE0944 
FT BELVOIR VA 22060-6218 

HQDA 
DAMOFDT 
400 ARMY PENTAGON 
WASHINGTON DC 20310-0460 

OSD 
OUSD(A&T)/ODDDR&E(R) 
RJTREW 
THE PENTAGON 
WASHINGTON DC 20301-7100 

DPTYCGFORRDA 
US ARMY MATERIEL CMD 
AMCRDA 
5001 EISENHOWER AVE 
ALEXANDRIA VA 22333-0001 

INST FOR ADVNCD TCHNLGY 
THE UNIV OF TEXAS AT AUSTIN 
PO BOX 202797 
AUSTIN TX 78720-2797 

DARPA 
B KASPAR 
3701 N FAIRFAX DR 
ARLINGTON VA 22203-1714 

NAVAL SURFACE WARFARE CTR 
CODE B07 J PENNELLA 
17320 DAHLGREN RD 
BLDG 1470 RM 1101 
DAHLGREN VA 22448-5100 

US MILITARY ACADEMY 
MATH SCI CTR OF EXCELLENCE 
DEFT OF MATHEMATICAL SCI 
MADN MATH 
THAYERHALL 
WEST POINT NY 10996-1786 

NO. OF 
COPIES ORGANIZATION 

1 DIRECTOR 
US ARMY RESEARCH LAB 
AMSRLD 
D R SMITH 
2800 POWDER MILL RD 
ADELPHI MD 20783-1197 

1 DIRECTOR 
US ARMY RESEARCH LAB 
AMSRLDD 
2800 POWDER MILL RD 
ADELPHI MD 20783-1197 

1 DIRECTOR 
US ARMY RESEARCH LAB 
AMSRL CS AS (RECORDS MGMT) 
2800 POWDER MILL RD 
ADELPHI MD 20783-1145 

3 DIRECTOR 
US ARMY RESEARCH LAB 
AMSRL CILL 
2800 POWDER MILL RD 
ADELPHI MD 20783-1145 

ABERDEEN PROVING GROUND 

DIR USARL 
AMSRL CI LP (BLDG 305) 
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NO. OF 
COPIES ORGANIZATION 

1        DIRECTOR 
USARL 
AMSRLCPCA 
D SNIDER 
2800 POWDER MILL RD 
ADELPHI MD 20783 

1        COMMANDER 
US ARMY ARDEC 
AMSTAARFSE 
TGORA 
PICATINNY ARSENAL NJ 
07806-5000 

3       COMMANDER 
US ARMY ARDEC 
AMSTA AR TD 
R PRICE 
V LINDNER 
C SPINELLI 
PICATINNY ARSENAL NJ 
07806-5000 

5        US ARMY TACOM 
AMSTA JSK 
S GOODMAN 
J FLORENCE 
AMSTA TRD 
BRAJU 
LHINOJOSA 
D OSTBERG 
WARREN MI 48397-5000 

1        COMMANDER 
US ARMY ARDEC 
SFAEFASPM 
F MCLAUGHLIN 
PICATINNY ARSENAL NJ 
07806-5000 

5        PM SADARM 
SFAEGCSSSD 
COL B ELLIS 
M DEVINE 
WDEMASSI 
JPRITCHARD 
SHROWNAK 
PICATINNY ARSENAL NJ 
07806-5000 

NO. OF 
COPIES ORGANIZATION 

5        COMMANDER 
US ARMY ARDEC 
AMSTA AR CCH 
S MUSALLI 
RCARR 
M LUCIANO 
TLOUCEIRO 
PICATINNY ARSENAL NJ 
07806-5000 

4        COMMANDER 
US ARMY ARDEC 
AMSTA AR (2 CPS) 
E FENNEL (2 CPS) 
PICATINNY ARSENAL NJ 
07806-5000 

1        COMMANDER 
US ARMY ARDEC 
AMSTA AR CCH P 
JLUTZ 
PICATINNY ARSENAL NJ 
07806-5000 

1        COMMANDER 
US ARMY ARDEC 
AMSTA AR FSFT 
C LIVECCHJA 
PICATINNY ARSENAL NJ 
07806-5000 

1 COMMANDER 
US ARMY ARDEC 
AMSTA AR QAC T C 
CPATEL 
PICATINNY ARSENAL NJ 
07806-5000 

2 COMMANDER 
US ARMY ARDEC 
AMSTA AR M 
D DEMELLA 
F DIORIO 
PICATINNY ARSENAL NJ 
07806-5000 
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NO. OF 
COPIES ORGANIZATION 

3        COMMANDER 
US ARMY ARDEC 
AMSTAARFSA 
AWARNASH 
BMACHAK 
MCHIEFA 
PICATINNY ARSENAL NJ 
07806-5000 

1        COMMANDER 
SMCWV QAE Q 
BVANINA 
BLDG 44 WATERVLIET ARSENAL 
WATERVLIETNY 12189-4050 

1        COMMANDER 
WATERVLIET ARSENAL 
SMCWV SPM 
T MCCLOSKEY 
BLDG 253 
WATERVLIETNY 12189-4050 

8        DIRECTOR 
BENET LABORATORIES 
AMSTAARCCB 
JKEANE 
JBATTAGLIA 
J VASILAKIS 
GFHAR 
VMONTVORI 
GDANDREA 
R HASENBEIN 
SMCARCCBR 
S SOPOK 
WATERVLIETNY 12189 

1        COMMANDER 
WATERVLIET ARSENAL 
SMCWV QA QS 
KINSCO 
WATERVLIET NY 12189-4050 

1        COMMANDER 
US ARMY ARDEC 
PRDCTN BASE MODERN ACTY 
AMSMCPBMK 
PICATINNY ARSENAL NJ 
07806-5000 

1        COMMANDER 
US ARMY BELVOIR RD&E CTR 
STRBEJBC 
FT BELVOIR VA 22060-5606 

NO. OF 
COPIES ORGANIZATION 

COMMANDER 
US ARMY ARDEC 
AMSTAARFSBG 
M SCHIKSNIS 
D CARLUCCI 
PICATINNY ARSENAL NJ 
07806-5000 

US ARMY COLD REGIONS RESEARCH & 
ENGINEERING LABORATORY 
PDUTTA 
72 LYME RD 
HANOVER NH 03755 

DIRECTOR 
USARL 
AMSRLWTL 
DWOODBURY 
2800 POWDER MILL RD 
ADELPHIMD 20783-1145 

COMMANDER 
US ARMY AMCOM 
AMSMIRD 
W MCCORKLE 
AMSMI RD ST 
PDOYLE 
AMSMI RD ST CN 
T VANDIVER 
REDSTONE ARSENAL AL 35898-5247 

US ARMY RESEARCH OFFICE 
ACROWSON 
JCHANDRA 
J PRATER 
R SINGLETON 
G ANDERSON 
KIYER 
PO BOX 12211 
RESEARCH TRIANGLE PARK NC 
27709-2211 

PROJECT MANAGER 
TANK MAIN ARMAMENT SYSTEMS 
SFAE GSSC TMA 
COLPAWLICKI 
KKIMKER 
E KOPACZ 
RROESER 
B DORCY 
PICATINNY ARSENAL NJ 
07806-5000 
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NO. OF 
COPIES ORGANIZATION 

1        PMTMAS 
SFAE GSSC TMA SMD 
R KOWALSKI 
PICATINNY ARSENAL NJ 
07806-5000 

3        PEO FIELD ARTILLERY SYSTEMS 
SFAE FAS PM 
H GOLDMAN 
T MCWILLIAMS 
T LINDSAY 
PICATINNY ARSENAL NJ 
07806-5000 

1 PM CRUSADER 
G DELCOCO 
J SHIELDS 
PICATINNY ARSENAL NJ 
07806-5000 

2 NASA LANGLEY RESEARCH CTR 
MS 266 
AMSRLVS 
WELBER 
F BARTLETT JR 
HAMPTON VA 23681-0001 

2        COMMANDER 
DARPA 
J KELLY 
B WELCOX 
3701 N FAIRFAX DR 
ARLINGTON VA 22203-1714 

6        COMMANDER 
WRIGHT PATTERSON AFB 
WLFIV 
A MAYER 
WLMLBM 
S DONALDSON 
T BENSON-TOLLE 
C BROWNING 
J MCCOY 
FABRAMS 
2941 P ST STE 1 
DAYTON OH 45433 

1        OFFICE OF NAVAL RESEARCH 
MECH DIV CODE 1132SM 
Y RAJAPAKSE 
ARLINGTON VA 22217 

NO. OF 
COPIES ORGANIZATION 

1        NAVAL SURFACE WARFARE CTR 
CRANE DIVISION 
M JOHNSON CODE 20H4 
LOUISVILLE KY 40214-5245 

1 DAVID TAYLOR RSRCH CTR 
SHIP STRUCTURES & PROT DEPT 
J CORRADO CODE 1702 
BETHESDAMD 20084 

2 DAVID TAYLOR RSRCH CTR 
R ROCKWELL 
WPHYILLAIER 
BETHESDAMD 20054-5000 

1        DEFENSE NUCLEAR AGCY 
INNOVATIVE CONCEPTS DIV 
RROHR 
6801 TELEGRAPH RD 
ALEXANDRIA VA 22310-3398 

1        EXPEDITIONARY WARFARE DIV N85 
FSHOUP 
2000 NAVY PENTAGON 
WASHINGTON DC 20350-2000 

1 OFC OF NAVAL RSRCH 
D SIEGEL 351 
800 N QUINCY ST 
ARLINGTON VA 22217-5660 

2 NAVAL SURFACE WARFARE CTR 
RHUBBARDG33C 
DAHLGREN DIVISION 
DAHLGREN VA 

7        NAVAL SURFACE WARFARE CTR 
J H FRANCIS CODE G30 
D WILSON CODE G32 
R D COOPER CODE G32 
EROWECODEG32 
JFRAYSSECODEG33 
T DURAN CODE G33 
L DE SIMONE CODE G33 
DAHLGREN VA 22448 

1        COMMANDER 
NAVAL SEA SYSTEMS CMD 
DLIESE 
2531 JEFFERSON DAVIS HIGHWAY 
ARLINGTON VA 22242-5160 
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NO. OF 
COPIES ORGANIZATION 

1        NAVAL SURFACE WARFARE CTR 
ME LACY CODE B02 
17320 DAHLGRENRD 
DAHLGRENVA 22448 

1 NAVAL SURFACE WARFARE CTR 
TECH LIBRARY CODE 323 
17320 DAHLGREN RD 
DAHLGRENVA 22448 

4        DIRECTOR 
LAWRENCE LIVERMORE NATL LAB 
RCHRISTENSEN 
S DETERESA 
FMAGNESS 
M FINGER 
PO BOX 808 
LIVERMORE CA 94550 

2 DIRECTOR 
LLNL 
F ADDESSIO MS B216 
JREPPAMSF668 
PO BOX 1633 
LOS ALAMOS NM 87545 

1        PENNSYLVANIA STATE UNIVERSITY 
CBAKIS 
227 N HAMMOND 
UNIVERSITY PARK PA 16802 

3 UNITED DEFENSE LP 
4800 EAST RIVER RD 
PJANKEMS170 
T GIOVANETTI MS 236 
B VAN WYK MS 389 
MINNEAPOLIS MN 55421-1498 

1        OAK RIDGE NATL LAB 
RM DAVIS 
PO BOX 2008 
OAK RIDGE TN 37831-6195 

4 DIRECTOR 
SANDIA NATL LABORATORIES 
APPLIED MECHANICS DEPT 
DIV 8241 
WKAWAHARA 
KPERANO 
D DAWSON 
PNIELAN 
PO BOX 969 
LIVERMORE CA 94550-0096 

NO. OF 
COPIES ORGANIZATION 

1        DREXEL UNIVERSITY 
A S D WANG 
32ND AND CHESTNUT ST 
PHILADELPHIA PA 19104 

1        BATTELLE 
C R HARGREAVES 
505 KING AVE 
COLUMBUS OH 43201-2681 

1        PACIFIC NORTHWEST LAB 
M SMITH 
PO BOX 999 
RICHLAND WA 99352 

1 LAWRENCE LIVERMORE NATL LAB 
M MURPHY 
PO BOX 808 L 282 
LIVERMORE CA 94550 

2 U OF DAYTON RSRCHINST 
RYKIM 
AKROY 
300 COLLEGE PARK AVE 
DAYTON OH 45469-0168 

2       UNIVERSITY OF DELAWARE 
CTR FOR COMPOSITE MATERIALS 
J GELLESPIE 
MSANTARE 
201 SPENCER LABORATORY 
NEWARK DE 19716 

2       UNIV OF TEXAS AT AUSTIN 
CTR FOR ELECTROMECHANICS 
A WALLS 
J KITZMILLER 
10100 BURNET RD 
AUSTIN TX 78758-4497 

1        AAI CORPORATION 
T G STASTNY 
PO BOX 126 
HUNT VALLEY MD 21030-0126 

1        J HEBERT 
PO BOX 1072 
HUNT VALLEY MD 21030-0126 
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NO. OF 
COPES ORGANIZATION 

1 ARMTEC DEFENSE PRODUCTS 
SDYER 
85 901 AVE 53 
PO BOX 848 
COACHELLA CA 92236 

2 ADVANCED COMPOSITE 
MATERIALS CORPORATION 
PHOOD 
JRHODES 
1525 S BUNCOMBE RD 
GREERSC 29651-9208 

1        SAIC 
DDAKIN 
2200 POWELL ST STE 1090 
EMERYVILLE CA 94608 

1        SAIC 
M PALMER 
2109 AIR PARK RDSE 
ALBUQUERQUE NM 87106 

1        SAIC 
RACEBAL 
1225 JOHNSON FERRY RD STE 100 
MARIETTA GA 30068 

1        SAIC 
G CHRYSSOMALLIS 
3800 W 80TH ST STE 1090 
BLOOMINGTON MN 55431 

6        ALLIANT TECH SYSTEMS INC 
CCANDLAND 
RBECKER 
LLEE 
CAACHUS 
DKAMDAR 
D FISHER 
600 2ND ST NE 
HOPKINS MN 55343-8367 

1        AMOCO PERFORM PRODUCTS INC 
M MICHNO JR 
4500 MCGINNIS FERRY RD 
ALPHARETTAGA 30202-3944 

1        APPLIED COMPOSITES 
W GRISCH 
333 NORTH SIXTH ST 
ST CHARLES IL 60174 

NO. OF 
COPIES ORGANIZATION 

1        BRUNSWICK DEFENSE 
T HARRIS 
STE 410 
1745 JEFFERSON DAVIS HWY 
ARLINGTON VA 22202 

1        PROJECTILE TECHNOLOGY INC 
515 GILES ST 
HAVRE DE GRACE MD 21078 

1        CUSTOM ANALYTICAL ENGR 
.   SYS INC 

A ALEXANDER 
13000 TENSOR LANE NE 
FLINTSTONE MD 21530 

1        NOESIS INC 
ABOUTZ 
1110 N GLEBE RD STE 250 
ARLINGTON VA 22201-4795 

1        ARROW TECH ASSO 
1233 SHELBURNE RD STE D 8 
SOUTH BURLINGTON VT 05403-7700 

5        GEN CORP AEROJET 
D PJLLASCH 
T COULTER 
CFLYNN 
D RUBAREZUL 
M GREINER 
1100 WEST HOLLYVALE ST 
AZUSACA 91702-0296 

7        CIVIL ENGR RSCH FOUNDATION 
H BERNSTEIN PRESIDENT 
C MAGNELL 
K ALMOND 
RBELLE 
MWJLLETT 
EDELO 
B MATTES 
1015 15TH ST NW STE 600 
WASHINGTON DC 20005 

1        NATLINST OF STAND & TECHLGY 
STRUCTURE & MECHANICS GRP 
POLYMER DIV POLYMERS RM A209 
G MCKENNA 
GAITHERSBURG MD 20899 
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NO. OF 
COPIES ORGANIZATION 

1        GENERAL DYNAMICS 
LAND SYSTEMS DIV 
D BARTLE 
PO BOX 1901 
WARREN MI 48090 

3        HERCULES INC 
RBOE 
FPOLICELLI 
J POESCH 
PO BOX 98 
MAGNAUT 84044 

3        HERCULES INC 
G KUEBELER 
J VERMEYCHUK 
B MANDERVILLE JR 
HERCULES PLAZA 
WILMINGTON DE 19894 

1        HEXCEL 
M SHELENDICH 
11555 DUBLIN BLVD 
PO BOX 2312 
DUBLIN CA 94568-0705 

5        INST FOR ADVANCED TECH 
TKIEHNE 
HFAIR 
P SULLIVAN 
W REINECKE 
IMCNAB 
4030 2 W BRAKER LN 
AUSTIN TX 78759 

1        INTEGRATED COMPOSITE TECH 
HPERKINSONJR 
PO BOX 397 
YORK NEW SALEM PA 17371-0397 

1        INTERFEROMETRICS INC 
R LARRIVA VICE PRESIDENT 
8150 LEESBURG PIKE 
VIENNA VA 22100 

1        AEROSPACE RES & DEV 
(ASRDD) CORP 
D ELDER 
PO BOX 49472 
COLORADO SPRINGS CO 80949-9472 

NO. OF 
COPIES ORGANIZATION 

1 PM ADVANCED CONCEPTS 
LORAL VOUGHT SYSTEMS 
J TAYLOR MS WT21 
PO BOX 650003 
DALLAS TX 76265-0003 

2 LORAL VOUGHT SYSTEMS 
G JACKSON 
KCOOK 
1701 W MARSHALL DR 
GRAND PRAIRIE TX 75051 

1        BRIGS CO 
J BACKOFEN 
2668 PETERBOROUGH ST 
HERDONVA 22071-2443 

1        SOUTHWEST RSRCH INST 
ENGR & MTRL SCIENCES DIV 
J RIEGEL 
6220 CULEBRA RD 
PO DRAWER 28510 
SAN ANTONIO TX 78228-0510 

1        ZERNOW TECHNICAL SERVICES 
LZERNOW 
425 W BONITA AVE SUITE 208 
SANDIMASCA 91773 

1        REICHELBERGER 
409 W CATHERINE ST 
BEL AIR MD 21014-3613 

1 DYNA EAST CORPORATION 
PCCHOU 
3201 ARCH ST 
PHILADELPHIA PA 19104-2711 

2 MARTIN MARIETTA CORP 
PDEWAR 
LSPONAR 
230 EAST GODDARD BLVD 
KING OF PRUSSIA PA 19406 

2        OLIN CORPORATION 
FLINCHBAUGH DIV 
E STEINER 
B STEWART 
PO BOX 127 
RED LION PA 17356 
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NO. OF 
COPIES ORGANIZATION 

1        OLIN CORPORATION 
LWHTTMORE 
10101 9TH ST NORTH 
ST PETERSBURG FL 33702 

1        SPARTA INC 
JGLATZ 
9455 TOWNE CTR DRIVE 
SAN DIEGO CA 92121-1964 

1        UNITED DEFENSE LP 
PPARA 
G THOMAS 
1107 COLEMAN AVE BOX 367 
SAN JOSE CA 95103 

1        MARINE CORPS SYST CMD 
PM GROUND WPNS 
COL R OWEN 
2083 BARNETT AVE SUITE 315 
QUANTICOVA 22134-5000 

1 OFC OF NAVAL RES 
J KELLY 
800 NORTH QUINCEY ST 
ARLINGTON VA 22217-5000 

2 NAVAL SURFC WARFARE CTR 
CARDEROCK DIV 
R CRANE CODE 2802 
C WILLIAMS CODE 6553 
3ALEGGETTCIR 
ANNAPOLIS MD 21402 

5       SIKORSKY 
HBUTTS 
T CARSTENSAN 
BKAY 
SGARBO 
J ADELMANN 
6900 MAIN ST 
PO BOX 9729 
STRATFORD CT 06601-1381 

1        AMOCO POLYMERS 
J BANISAUKAS 
4500 MCGINNIS FERRY RD 
ALPHARETTAGA 30005 

1        HEXCEL 
TBITZER 
11711 DUBLIN BLVD 
DUBLIN CA 94568 

NO. OF 
COPIES ORGANIZATION 

1        BOEING 
RBOHLMANN 
PO BOX 516 MC 5021322 
ST LOUIS MO 63166-0516 

1        NAVSEAOJRI 
G CAMPONESCHI 
2351 JEFFERSON DAVIS HWY 
ARLINGTON VA 22242-5160 

1        LOCKHEED MARTIN 
R FIELDS 
1195 IRWIN CT 
WINTER SPRINGS FL 32708 

1        USAF 
WL MLS OL A HAKIM 
5225 BAILEY LOOP 243E 
MCCLELLAN AFB CA 55552 

1        PRATT & WHITNEY 
DHAMBRICK 
400 MAIN ST MS 114-37 
EAST HARTFORD CT 06108 

1        BOEING 
DOUGLAS PRODUCTS DIV 
LJ HART-SMITH 
3855 LAKEWOOD BLVD 
D800-0019 
LONG BEACH CA 90846-0001 

1        MIT 
PLAGACE 
77 MASS AVE 
CAMBRIDGE MA 01887 

1 NASA-LANGLEY 
J MASTERS MS 389 
HAMPTON VA 23662-5225 

2 CYTEC FIBEPJTE 
MLIN 
WWEB 
1440 N KRAEMER BLVD 
ANAHEIM CA 92806 

2        BOEING ROTORCRAFT 
P MINGURT 
PHANDEL 
800 B PUTNAM BLVD 
WALLINGFORD PA 19086 
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NO. OF 
COPIES ORGANIZATION 

2        FAA TECH CENTER 
DOPLINGERAAR431 
P SHYPRYKEVICK AAR 431 
ATLANTIC CITY NJ 08405 

1        NASA LANGLEY RC 
CC POE MS 188E 
NEWPORT NEWS VA 23608 

1        LOCKHEED MARTIN 
SREEVE 
8650 COBB DR 
D73 62MZ0648 
MARIETTA GA 30063-0648 

1        WLMLBC 
ESHINN 
2941 PST STE 1 
WRIGHT PAT AFB OH 45433-7750 

1        IIT RESEARCH CENTER 
DROSE 
201 MILL ST 
ROME NY 13440-6916 

1        MATERIALS SCIENCES CORP 
B W ROSEN 
500 OFFICE CENTER DR 
STE 250 
FORT WASHINGTON PA 19034 

1 DOWUT 
S TIDRICK 
15 STERLING DR 
WALLINGFORD CT 06492 

4        NIST 
POLYMERS DIVISION 
RPARNAS 
JDUNKERS 
M VANLANDINGHAM 
D HUNSTON 
GAITHERSBURGMD 20899 

2 NORTHROP GRUMMAN 
ENVIRONMENTAL PROGRAMS 
R OSTERMAN 
8900 E WASHINGTON BLVD 
PICO RIVERA CA 90660 

NO. OF 
COPIES ORGANIZATION 

1        OAK RIDGE NATL LAB 
A WERESZCZAK 
BLDG 4515 MS 6069 
PO BOX 2008 
OAKRIDGE TN 37831-6064 

1        COMMANDER 
USARDEC 
INDUSTRIAL ECOLOGY CTR 
TSACHAR 
BLDG 172 
PICATINNY ARSENAL NJ 
07806-5000 

1        COMMANDER 
AVIATION APPLIED TECH DIR 
PLATFORMS TECH DIV AIRFRAMES 
USA AMCOM, AMSAM-AR-T-TBD 
J SCHUCK 
LEE BLVD BLDG 401 
FTEUSTISVA 23604-5577 

1      COMMANDER 
USA ARDEC 
AMSTA AR SRE 
DYEE 
PICATINNY ARSENAL NJ 
07806-5000 

7      CDR USA ARDEC 
AMSTA AR CCH B 
BKONRAD 
E RIVERA 
G EUSTICE 
SPATEL 
G WAGNECZ 
R SAYER 
FCHANG 
BLDG 65 
PICATINNY ARSENAL NJ 
07806-5000 

1      CDR US ARMY ARDEC 
AMSTA AR QAC 
T D RIGOGLIOSO 
BLDG 354 
M829E3 IPT 
PICATINNY ARSENAL NJ 
07806-5000 
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NO. OF 
COPIES ORGANIZATION 

1 DIR US ARMY AVMCOM 
COMANCHE PRGM MGR OFC 
SFAE AVRAM TV 
D CALDWELL 
BLDG 5300 
REDSTONE ARSENAL AL 35898 

2 BOEING DEFNS & SPACE GRP 
W HAMMOND 
J RUSSELL 
MS 4X55 
PO BOX 3707 
SEATTLE WA 98124-2207 

1      BALLISTIC MISSILE DEFORG 
1725 JEFFERSON DAVIS HIGHWAY 
SUITE 809 
MAJJ SHOEMAKER 
ARLINGTON VA 22202 

1      CRYSTAL SQUARE (5TH FLOOR) 
BALLISTIC MISSILE DEFENSE ORG 
DRJSTUBSTAD 
1725 JEFFERSON DAVIS HIGHWAY 
SUITE 809 
ARLINGTON VA 22202 

1      SHAFER CORPORATION 
1901 NORTH FORT MYER DRIVE 
DRCBYVIK 
SUITE 800 
ARLINGTON VA 22209 

1 USA SSDC/WEAPONS DIRECTORATE 
CSSD-WD-C 
R BROWN 
PO BOX 1500 
HUNTSVILLE, AL 35807-3502 

2 FIBER MATERIALS INC 
BBURNS 
P MARTIN 
5 MORIN STREET 
BIDDEFORD ME 04005 

1      VANGUARD COMPOSITE GROUP INC 
GWONACOTT 
5550 OBERLIN DR SUITE B 
SAN DIEGO CA 92121 

NO. OF 
COPIES ORGANIZATION 

1      SPARTA INC 
JZUIEBACK 
10540 HEATER COURT 
SAN DIEGO CA 92121 

1      MENTIS SCIENCES INC 
JDIGNAM 
150 DOW STREET TOWER TWO 
MANCHESTER NH 03101 

3      INSTITUTE FOR DEFENSE ANALYSIS 
MRIGDON 
JPERESH 
T WHITNEY 
1801 N BEAUREGARD ST 
ALEXANDRIA VA 22311 

1      AF PHILLIPS LAB/VTS 
ADAS 
3550 ABERDEEN AVE 
KIRKLAND AFB NM 87117 

1      JET PROPULSION LAB 
R LIANG 
4800 OAK GROVE DRIVE 
PASADENA CA 91109 

1      DR TECHNOLOGIES 
LDUNBAR 
11585 SORRENTO VALLEY ROAD 
SUITE 103 
SAN DIEGO CA 92121 

ABERDEEN PROVING GROUND 

56    DIR USARL 
AMSRL CI 
AMSRL CI HA 

WSTUREK 
AMSRL IS CD 

R KASTE 
AMSRL SL B 
AMSRL SL BA 
AMSRL SL BE 

DBELY 
AMSRL SL I 
AMSRL WMB 

A HORST 
E SCHMIDT 

AMSRL WM BE 
GWREN 
C LEVERITT 
D KOOKER 
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NO. OF 
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